Most analyses of trabecular microarchitecture in mammals have focused on the functional significance of interspecific variation, but they have not effectively considered the influence of body size or phylogeny on bone architecture. The goals of this study were to determine the relationship between trabecular bone and body size in the humeral and femoral heads of extant primates, and to assess the influence of phylogeny on bone microstructure. Using a sample of 235 individuals from 34 primate species, ranging in body size from 0.06 to 130 kg, the relationships between trabecular bone structure and body size were assessed by using conventional and phylogenetic regression analyses. Bone volume fraction, trabecular thickness and trabecular spacing increase with body size, whereas bone surface-area-to-volume ratio decreases. Shape variables such as trabecular number, connectivity density and degree of anisotropy scale inversely with size. Most of these variables scale with significant negative allometry, except bone surface-area-to-volume ratio, which scales with slight positive allometry. Phylogenetic regressions indicate a relatively weak phylogenetic signal in some trabecular bone variables. These data demonstrate that, relative to body size, large primates have thinner and more tightly packed trabeculae than small primates. The relatively thin trabeculae in large primates and other mammals, coupled with constraints on trabecular thickness related to osteocyte function, suggest that increased skeletal loads in the postcranial joints of large mammals are probably mitigated not only through alterations in trabecular microarchitecture, but also through other mechanisms such as changes in cortical bone distribution, limb posture and gait speed.
Introduction
Multiple studies over the past decade have used high-resolution computed tomography (HRCT) or X-ray microtomography data to examine patterns of interspecific variation in trabecular bone structure in primates [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Most of these analyses have focused on the functional significance of microstructural variation with the related goals of understanding the biomechanical importance of trabecular microarchitecture and of reconstructing locomotor and dietary behaviour in the primate and human fossil record. Few of these studies, however, have accounted for other potentially important biological determinants of bone structure, including growth and development [11, 12] , bone mineral metabolism [13, 14] and body mass [4, 7, 14, 15] , thereby calling into question their utility for behavioural reconstructions. This study directly addresses some of these limitations by documenting the allometric scaling patterns of trabecular bone microstructural features in the proximal femur and humerus, using a large sample of extant primates (more than 200 individuals) with a wide range of body sizes and broad taxonomic coverage.
Previous studies provide insights into the allometric scaling relationships between bone microstructure and body size [4, 14, 15] , but limitations in methodology, sample size and taxonomic diversity constrain the applicability of many of these analyses for interpreting microstructural variation in primates specifically. Swartz et al. [14] used two-dimensional photographs of cut surfaces to measure trabecular length and diameter in a sample of mammals ranging in size from 0.004 to 40 000 kg. It was found that trabecular structure scales with strong negative allometry in the whole mammal sample (scaling coefficients less than 0.33 versus body mass). Swartz et al. [14] also found that trabecular thickness scales isometrically with body size in a more limited sample consisting only of Chiroptera. The differences in scaling coefficients between bats and other mammals raise the possibility of either a taxonomic effect on scaling patterns in different mammalian groups or a body size effect in which the bone structure-body size relationship differs between small and large mammals. Subsequent analyses have used three-dimensional HRCT to test Swartz et al.'s [14] hypotheses and to extend the scope of these allometric analyses to additional structural characteristics. Doube et al. [15] conducted the most comprehensive analysis of trabecular bone scaling to date, using a large taxonomic sample that included 90 species of birds and mammals. They found that trabecular thickness and separation scale positively with body size, whereas connectivity and bone surface density, the ratio of bone surface area to the total volume in the region of interest, scale inversely with body size. In the only study of this kind specifically focused on primates, Cotter et al. [4] similarly found significant relationships between body size and trabecular thickness, separation and number in a small sample of hominoid primates.
Body size is a critically important component of an animal's biology that has important functional implications [16] , yet no study to date has effectively addressed the influence of body size on trabecular bone microarchitecture in a large, diverse sample of primates. Here, we determine the relationship between body size and trabecular bone structure of the proximal femur and humerus in a sample of 34 extant genera from 12 primate families. This study significantly extends and expands on previous work [15] , by using a large intra-and interspecific sample covering the full body size range of extant primates (mouse lemur to gorilla). An analysis of these scaling patterns will provide insights into the effects of body size on internal trabecular bone architecture in primates and also develop an important foundation for assessing the functional and phylogenetic significance of interspecific variation in trabecular bone architecture.
Material and methods (a) Sample
Trabecular bone structure was quantified in 228 proximal femora and in 178 proximal humeri from 235 individuals, representing 34 species of extant primates (see the electronic supplementary material, table S1). All specimens were wild-shot adults. The exception to this rule are the Tarsius syrichta and Cheirogaleus medius individuals, which were captive specimens from the Duke University Lemur Center. Individuals exhibiting external signs of pathology, trauma or advanced age were excluded from the study. A total of 119 males, 90 females and 26 specimens of unknown sex were used (see the electronic supplementary material, table S1). Bones from both right and left sides were used in the sample, one femur and humerus per specimen, but only elements from the same side were used for a single individual.
The majority of the sample includes both elements from each individual, but in rare cases, either the femur or humerus was excluded from the analysis (e.g. post-mortem breakage, missing CT data). The humerus was not analysed for several taxa, because the femoral CT data were collected during a previous study in which the humerus was not CT scanned [5, 6] .
(b) Image data collection and processing All bones except those from previous analyses (see below) were scanned on the OMNI-X HD-600 HRCT scanner (Varian Medical Systems, Lincolnshire, IL, USA) at the Center for Quantitative Imaging at Penn State University. To collect transverse slices in air, each specimen was mounted in florist foam and positioned in the scanner. Serial cross-sectional scans were collected beginning in the shaft and proceeding proximally to cover the entire femoral or humeral head. All HRCT scans were collected using source energy settings of either 180 kV and 0.11 mA or 150 kV and 0.2 mA, between 2800 and 4800 views, and voxel sizes ranging between 0.0068 and 0.0687 mm depending on the size of the specimen. Destructive sampling of the skeletal material was not possible; so in all cases, the best possible spatial resolution was used based on the size of the bone specimen. The images were reconstructed as 16-bit TIFF greyscale images with a 1024Â1024 pixel matrix.
Forty-nine femora belonging to Avahi laniger, Cheirogaleus major, Cheirogaleus medius, Galago senegalensis, Galagoides alleni, Loris tardigradus, Otolemur crassicaudatus, Perodicticus potto and Tarsius syrichta were scanned previously at the University of Texas HRCT facility [5, 6] . Most of these 49 femora were scanned with voxel dimensions between 0.025 and 0.036 mm, except three C. medius and two T. syrichta specimens that were scanned with voxel sizes ranging from 0.0098 to 0.0197 mm.
A single cubic volume of interest (VOI) was extracted from the centre of the femoral and humeral heads for each individual using AVIZO v. 6.1 (Visualization Sciences Group Inc., Burlington, MA, USA). The centre of each VOI was placed at the calculated centre of the articular surface bounding box, defined as the minimum and maximum extents of the articular surface in each of the three orthogonal axes [1, 3, 10] . The edge length of each VOI was equal to one-sixth of the proximodistal height of the articular surface. This protocol ensured that each VOI was positioned homologously at the centre of the joint and was scaled to the size of the individual joint being analysed. The VOIs ranged in size from approximately 1.0 to 18.5 mm in diameter for the humerus, and 1.0 to 16.9 mm in diameter for the femur.
Seven trabecular bone morphometric variables were quantified (table 1; see electronic supplementary material, tables S2 and S3), using the Scanco image processing language (Scanco Medical AG, Brü ttisellen, Switzerland). The HRCT images were segmented, using a threshold value calculated from the iterative segmentation algorithm of Ridler & Calvard [17] (see also [18] ) based on the greyscale values of the VOI only. Bone volume fraction (BV/TV) was calculated by dividing the number of bone voxels by the total number of voxels in the VOI. Trabecular thickness (Tb.Th), trabecular separation (Tb.Sp) and trabecular number (Tb.N) were calculated, using model-independent distance transform methods [19, 20] . Mean Tb.Th values were corrected for resolution dependency, using the method outlined elsewhere [1] . The correction factors for Tb.Th were calculated by Ryan & Shaw [1] , using a more limited range of body sizes than those used in this study because of the spatial limits of the HRCT scanner and the inability to destructively sample the primate specimens used in the analysis. The adjustment of Tb.Th using this method addresses, in a relatively conservative manner, the potential influence of partial volume effects on the accurate measurement of Tb.Th. Connectivity density (Conn.D) was calculated following the topological approach rspb.royalsocietypublishing.org Proc R Soc B 280: 20130172 of Odgaard & Gundersen [21] . Degree of anisotropy (DA) was determined from the triangulated surface of trabecular bone, using the method outlined by Laib et al. [22] . This method, analogous to the mean intercept length (MIL) method, calculates distribution of the area-weighted normal vectors for all triangles of the three-dimensional surface. The distribution represents the inverse of the typical MIL distribution. Bone surface-area-tovolume ratio (BS/BV) was calculated by dividing the total surface area of the three-dimensional triangulated surface by the calculated volume of the three-dimensional surface.
(c) Statistical analyses
Conventional and phylogenetically informed linear regression analyses were conducted to assess the relationships between each trabecular bone variable and body size for both the femur and humerus separately. Individual body masses were not known for all individuals in the sample. Therefore, superoinferior femoral head height (FHH), measured using digital callipers, was used as a proxy for body size in all regression analyses. Using the precisely measured FHH as an indicator of body size should produce less error in regression analyses than using body mass estimates from published regression equations, or species mean body masses extracted from the literature. The strong relationship between linear femoral head dimensions and body size in primates [23] makes this approach suitable for the current analysis and makes it comparable with previous analyses of trabecular bone scaling [15] .
Conventional reduced major axis (RMA) regressions were performed, using log 10 -transformed trabecular bone variables and log 10 -transformed FHH for the full dataset (all individuals in the sample) and, separately, for species mean values. To assess scaling relationships within major primate clades, RMA regressions were conducted for the two primate suborders (Strepsirrhini and Haplorhini) and for the two infraorders of anthropoid primates (Platyrrhini and Catarrhini), using all individuals from each Table 1 . Results of reduced major axis regression analyses of each trabecular bone variable versus femoral head height for the species means and full datasets, with the results for allometric scaling indicated under result (2, negative allometry; þ, positive allometry). Slope indicates scaling coefficient for each variable with 95% confidence limits (CL2, CLþ) and y intercept (y-int) for regression equation. BV/TV, bone volume fraction; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.N, trabecular number; Conn.D, connectivity density; DA, degree of anisotropy; BS/BV, bone surface-area-to-volume ratio. taxon in each of these clades. To facilitate comparisons between the current analysis and studies that use estimated or known body mass [2, 15] , separate RMA regression analyses were also conducted to compare log 10 -transformed species mean trabecular bone variables versus log 10 -transformed species mean body mass values taken from the literature [24] . All RMA regression analyses were performed in PAST v. 2.16 [25] . Phylogenetic generalized least-squares (pGLS) regression analyses were performed, using the log 10 -transformed species means for each variable for both the femur and humerus. The phylogeny was constructed using the results of molecular and cladistic analyses, and branch lengths were taken from molecular clock analyses or from the palaeontological literature (see the electronic supplementary material for full description). The pGLS analyses were conducted using a star phylogeny-equivalent to ordinary least-squares (OLS) regression-the original divergence date branch lengths and, after transforming the branch lengths, using the maximum-likelihood estimates for the Ornstein-Uhlenbeck transform (OU) [26] , Grafen's r [27] and Pagel's l [28] . The results of the OLS and pGLS regression models were compared, using the maximum-likelihood (lnML), and the Akaike information criterion (AIC) was used to determine the best regression model for each trabecular bone variable. The presence of phylogenetic signal in the data was assessed by comparing the AIC for pGLS and non-phylogenetic OLS regressions [29] . The AIC is an estimate of the loss of information when using a model to describe reality and estimates the predictive accuracy of various models. For the current analysis, the regression model with the lowest AIC was considered the best-fit regression model. A lower AIC for any of the pGLS analyses indicated phylogenetic signal in the data. The pGLS analyses were performed using the REGRESSION v. 2.M program in MATLAB v. R2012a [30] .
The conventional RMA and pGLS regression analyses were used to calculate and evaluate allometric scaling slopes for each trabecular bone variable versus FHH in relation to predicted isometric scaling relationships. Because both Tb.Th and Tb.Sp are linear size variables, the predicted isometric scaling slope versus FHH should be equal to 1. Slopes significantly greater or less than 1 indicate positive or negative allometry, respectively. BV/TV, Tb.N, Conn.D and DA represent shape variables. If the scaling relationship is isometric, then shape will remain unchanged, regardless of variation in body size, and slopes for isometry will be equal to 0. For these shape variables, positive and negative slopes are indicative of positive and negative allometry, respectively. The BS/BV ratio is not being treated here as a shape variable because it is not a normalized size variable (e.g. number of trabeculae per mm, Tb.N). Rather, it is considered a ratio of two quantitative variables, bone surface and bone volume, with different units, resulting in a size variable with units of mm
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. The slope for an isometric scaling relationship of BS/BV with FHH, therefore, would be 21. For this variable, slopes significantly greater than 21 indicate positive allometry, whereas slopes significantly less than 21 indicate negative allometry.
Results (a) Reduced major axis regression analyses
Results of RMA regression analyses for the full and species mean datasets are presented in table 1. Summary statistics for each trabecular bone variable for each taxon are presented in the electronic supplementary material, tables S2 and S3. All trabecular microstructural variables scale significantly with FHH in both the femur and humerus. The RMA results for the species means and full datasets are very similar, thus all further discussion will focus primarily on the results associated with the full dataset. Similarly, results for the species means RMA regressions of trabecular bone variables versus species mean body mass also produced results comparable with those using the full dataset and FHH (see the electronic supplementary material, tables S4 and S5).
The RMA regression results reveal that BV/TV in both the humeral and femoral head scales positively with FHH, with a very low, but statistically significant, slope of 0.25 (table 1 and figure 1 ). The 95% confidence limits do not include zero, indicating that large primates have slightly more bone per unit volume than small primates, but this relationship is relatively weak, and the biological significance is unclear. Species mean BV/TV values range from 0.280 to 0.577 in the femur and from 0.146 to 0.460 in the humerus. Both Tb.Th and Tb.Sp scale with FHH with strong negative allometry (table 1 and figure 1 ). These results indicate that trabeculae in largerbodied primates are absolutely thicker and more widely spaced than trabeculae in smaller animals. However, the negatively allometric slopes indicate that, relative to body size, trabecular bone of larger animals is thinner and more tightly packed than one would expect if these features scaled isometrically with body size. For both Tb.Th and Tb.Sp, the slopes for the humerus and femur in the full dataset analyses are significantly different, as neither falls within the 95% confidence limits of the other.
Tb.N scales with negative allometry with increasing FHH (table 1 and indicates that larger primates have absolutely less bone surface area relative to volume than small primates, but that this ratio is higher than would be predicted based on an isometric scaling of this variable with body size (table 1) .
The RMA regression results for each of the major primate clade subsamples are comparable with those for the full sample (see the electronic supplementary material, tables S6 and S7). The main exceptions include a lack of significance for BV/TV versus FHH in the femur of strepsirrhines, and the humerus of catarrhines, platyrrhines and strepsirrhines. DA also was not significantly related to FHH in the humerus of haplorhines or strepsirrhines. For all other variables, essentially the same relationships and scaling coefficients that describe trabecular architecture and FHH in the full sample were obtained for analyses of the subsamples. These findings indicate broad similarity in the relationships between trabecular bone structure and animal size within all higher-level primate clades.
(b) Phylogenetic generalized least-squares regression analyses
The results from the OLS and pGLS regressions suggest that phylogeny may influence trabecular bone structure in the femur and humerus of primates (table 2) . Generally, conventional OLS regressions and the three branch length Results for all pGLS analyses are provided in the electronic supplementary material, tables S8 and S9. Taken together, these results suggest that phylogeny may have a small but significant effect on some aspects of trabecular bone structure in the primate shoulder and hip. However, this effect appears to be relatively small [15] .
Discussion
The results of this study demonstrate that femoral and humeral head trabecular bone microarchitecture scales allometrically in primates. ) reveal negative allometry. This negative allometry suggests that, for their body size, large primates have relatively fewer and less connected trabeculae than small primates. These results suggest complex relationships among Tb.Th, Tb.Sp, Tb.N and body size. Even though large primates have absolutely fewer trabeculae than small primates, the spacing between trabeculae in larger primates appears to be small relative to body size, possibly a result of thicker trabeculae. The scaling coefficients calculated for BS/BV (BS/BV hum / FHH 20.58 ; BS/BV fem / FHH 20.62 ) suggest positive allometry. This apparent positive allometric scaling in BS/BV implies that although larger primates have absolutely lower surfacearea-to-volume ratios, they have greater relative surface area than would be expected under a model of geometrical similarity. Anisotropy displays a very weak relationship with body size across all primates, possibly driven largely by the relatively isotropic bone structure of the great apes (see the electronic supplementary material, figure S1 ). Although these results are statistically significant, the weak relationship suggests that DA is essentially invariant to size. While it is possible that variation in spatial resolution of the HRCT scan data has a confounding effect on the quantification of trabecular bone structure in this sample (e.g. through partial volume effects) and on the resulting allometric scaling analyses, the broad similarities between the results of this study and those reported by others [15] , who used more uniform voxel dimensions of less than 0.015 mm, strongly supports the validity of the scaling relationships reported here.
These results provide important insights into the construction of trabecular bone in primates across a range of body sizes and allow for an evaluation of the trabecular bone scaling models proposed by Swartz et al. [14] . The very weak positive relationship between BV/TV and body size is similar to that found by Doube et al. [15] , and suggests [32] . The scaling patterns found by Doube et al. [15] in 72 mammal species are very similar to those reported here, with both studies confirming and extending the findings of Swartz et al. [14] . Similar to Doube et al. [15] , the scaling coefficients found in this study fall between the predictions of Swartz et al.'s [14] CTS and CTG models. However, neither of these theoretical scenarios for increasing bone volume with size is completely supported by the results of the current analysis. Scaling of trabecular structure presents a difficult biological problem. Increasing bone volume by thickening trabeculae offers the most mechanically sound solution to reduce strain [4, 33, 34] , especially considering the results of finite-element models indicating lower strain in thicker trabeculae [15] . During ontogeny trabeculae thicken in response to joint loads [11, 12, 35] , with larger animals developing thicker trabeculae as a result of their larger body masses. This study, however, suggests that trabecular thickness increases only slightly over large body size ranges, resulting in larger animals having relatively thin trabeculae compared with smaller animals. Maximum trabecular thickness appears to be constrained by the size of the region that can be effectively regulated by osteocytes [36] , which leads to a levelling off of trabecular thickness at approximately 0.460 mm [37, 38] . The result of trabecular bone scaling, therefore, might be considered a compromise solution that maintains mechanical stiffness with increasing size while ensuring optimal osteocyte positioning relative to the bone surface.
Given the strong negative allometry in both trabecular thickness and number, as well as the upper limit on trabecular thickness, the question of how joints of large animals effectively bear large loads remains. It is possible that higher joint loads owing to larger body size may be mitigated not only by trabecular bone volume increases but also through changes in trabecular bone shape (e.g. plates versus rods), anisotropy, subchondral and metaphyseal cortical bone distribution, and aspects of locomotor kinematics such as limb posture, compliance and gait speed. The more extended limb postures adopted by larger terrestrial animals [39, 40] and long-limbed primates [41] may be mechanisms that effectively reduce joint moments at the shoulder and hip, thereby reducing joint strain. Primates also are known to use relatively compliant gaits on both terrestrial and arboreal substrates, a mechanism that reduces vertical peak forces on both limbs during locomotion [42] , which may have important implications for bone structure by increasing bending moments. Research on trabecular bone variation that expands the body size range by including fossil primate taxa, and considers changes in trabecular bone structure throughout ontogeny [11, 12] , may provide insights into the influence of both body mass variation and locomotor behaviour on trabecular bone structure.
The pGLS regression results also suggest that there may be a weak phylogenetic effect on trabecular bone (table 2) . The presence of a phylogenetic signal in trabecular microarchitecture is not surprising considering previous evidence for phylogenetic effects on other bone structures [14, 43] . The similarities between the conventional and phylogenetic regression results, and the inconsistency in the phylogenetic effects on the various trabecular bone features, support the contention that phylogenetic influence is weak. In general, phylogenetic signal is found more frequently in femoral trabecular bone variables compared with humeral trabecular bone features. The apparently more distinct phylogenetic signal in femoral trabecular bone could reflect shared similarities in locomotor behaviours such as hind limb drive or similarities in hind limb posture and hip joint loading regimes across primate groups. Conversely, the more diverse functional demands on the primate forelimb, including both locomotor and manipulative activities, may reduce the phylogenetic signal of humeral head microarchitecture. Further evidence for different functional and phylogenetic effects between the primate femur and humerus may be found in the lack of significant scaling relationships for BV/TV and DA in the humerus of several of the primate clades tested here. These differences may reflect functional differentiation in forelimb use across primate clades. In contrast to most trabecular bone features, Tb.N and Conn.D are the only two variables that appear to carry a significant phylogenetic signal in both the femur and humerus, suggesting that the number of trabeculae may be more highly canalized [44] and less phenotypically plastic in response to locomotor loading than other trabecular bone variables.
This study also provides insights into what appear to be unique trabecular bone configurations among some primate clades (best seen in the electronic supplementary material, figures S1 and S2). The Old World monkeys in the sample are associated with a unique configuration of femoral and humeral head trabecular structure characterized by a relatively high number of trabeculae with low intertrabecular spacing, and trabecular thickness that is in line with what would be expected for their body size. All three great ape taxa (Pan, Gorilla and Pongo), by contrast, exhibit relatively thin trabeculae, most notable in chimpanzees and gorillas. Thin trabeculae in Gorilla are accompanied by relatively low BV/TV in both the femoral and humeral head. Chimpanzees achieve relatively high BV/TV, in spite of having thin trabeculae for their body size, by having relatively low Tb.Sp and a slightly elevated Tb.N. Pongo, on the other hand, displays relatively low bone volume fraction, achieved primarily through high trabecular spacing, especially in the humerus. The relatively thin trabeculae in these three large-bodied rspb.royalsocietypublishing.org Proc R Soc B 280: 20130172 taxa clearly indicate a levelling off of trabecular thickness in line with the hypothesized upper limit of trabecular size, which has been estimated at approximately 0.460 mm, or double the approximate maximum distance osteocytes can be positioned away from the bone surface [37, 38] . These results further corroborate the hypothesis that trabecular thickness is primarily limited by the size of the region that can be effectively regulated by osteocytes [13, 36] . Modelling analyses of whole joint strain patterns [45] may help to determine the mechanical implications of the relatively thin trabeculae of larger-bodied animals. Further analysis is necessary to understand more fully the importance of mechanical, phylogenetic and developmental influences on trabecular bone microstructure and their significance for functional interpretations of structural variation in trabecular bone. Targeted case studies of specific primate groups, such as comparisons between extant lemurs and the recently extinct large-bodied subfossil lemurs, may provide further insights into both body size and phylogenetic influences on trabecular bone structure.
One potential confounding factor in any analysis of trabecular bone structure is the different patterns of age-related bone loss in male and female primates. Although there is some evidence of age-related bone loss in wild chimpanzees [46] and free-ranging macaques [47] , relatively little is known about osteoporosis and osteopaenia in wild primates or the potential influence of these processes on comparative bone structural analyses. It is possible that the mixed-sex sample used here may affect the scaling results, but the similarity of the current results to those of other analyses of mammalian trabecular bone [14, 15] suggests that these effects are minimal. The results of this study may, however, have potential relevance for understanding age-related bone loss in humans and other primates. Animals that deviate significantly from the scaling trends described here with thin trabeculae and high bone surface-area-to-volume ratio may be more susceptible to the processes of age-related bone loss. Analyses of bone growth and bone loss in apes and other primates may provide insights into the processes of bone loss in humans.
